We investigate the experimental detection of the electromagnetic radiation generated in the avalanches of magnetization reversal in Mn12-acetate at low temperatures. In our experiments we used assemblies of several single crystals of Mn12-acetate placed inside a cylindrical stainless steel waveguide in which an InSb hot electron device was also placed to detect the radiation. All this was set inside a SQUID magnetometer that allowed to change the magnetic field and measure the magnetic moment and the temperature of the sample as the InSb detected simultaneously the radiation emitted from the molecular magnets. Our data show a sequential process in which the fast inversion of the magnetic moment first occurs in 3 ms, then the radiation is detected by the InSb in less than 5 ms, and finally the temperature of the sample increases to circa 4 K in 15 ms to subsequently recover its original value in about 150 ms. We propose the radiation emission to be superradiance as suggested by P.H. Dicke [Phys. Rev., 93 (1954) 
Molecular clusters are nanomagnets showing important phenomena associated to their magnetic anisotropy and the possibility to tune their quantum mechanical properties by applying a magnetic field. The discovery of the resonant spin tunneling between the degenerate spin levels at both sides of the anisotropy energy barrier [1, 2] was the first sign that quantum mechanics can reveal itself in these magnetic units made of several hundreds of atoms. Since then, near thousand papers on molecular magnets have been published [3] . Very recently a new field combining molecular magnets, magnetization studies, cavities and electromagnetic radiation has attracted the attention of different groups. The most recent works on this particular topic deal with the absorption and emission of microwaves [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16] . In this letter we report low temperature experimental studies of the detection of microwave emission of Mn 12 single crystals inside a cylindrical waveguide. This work follows that published very recently [13] , focusing now on the time sequence of the reversal of the magnetic moment, the emission of radiation and the heat release in the sample on the millisecond scale.
In Figure 1 we show the details of our experimental setup. The sample was made by assembling together several tens of oriented single crystals of Mn 12 -acetate with a total volume around 20 mm
3 . An InSb hot electron device with a spectral bandwidth of 60 GHz -3 THz and a response time under illumination of less than 1 µs, was used to detect the electromagnetic radiation possibly emitted by the sample. Both the sample and the detector were placed inside a stainless steel cylindrical waveguide and the whole assembly was inserted in a commercial rf-SQUID (Superconducting QUantum Interference Device) magnetometer that allowed to change the temperature, T , and the magnetic field intensity, H, of the experiment. The distance, d, between the sample and the detector ranged from 8 to 20 cm.
In our experiments we measured simultaneously the magnetic moment and the temperature of the sample, M and T s , and the voltage drop at the detector, V InSb . M was measured using either the rf-SQUID magnetometer, with a time resolution of 20 s, or a 30-turn, 4-mm-diameter copper detection coil, with a time resolution of 10 µs. T s was measured by an attached ruthenium oxide thermometer with a time resolution of 2 ms at T = 4.2 K. V InSb was measured as a function of temperature and magnetic field. Although the time resolution of the detector was better than 1 µs, we resolved the detected signal within 1 ms as a consequence of the large number of data points we had to average to increase the signal-to-noise ratio. The thermometer and the detector were calibrated at the different temperature and magnetic field values of the experiment. The easy axis of the crystals and the applied magnetic field were checked to be parallel to the axis of the waveguide and the magnetic properties of different sets of crystals were measured with the rf-SQUID magnetometer. Figure 2 compares the M (H) curve obtained at T = 1.8 K for a single crystal (open circles) with that obtained for an assembly of crystals (solid squares). We did sweep the applied magnetic field up and down between −3 T and 3 T at the speed of 1 mT/s in a temperature range between 1.8 and 4 K. Whereas only regular steps associated to resonant spin tunneling are observed for the former, large jumps are seen at µ 0 H = ±1.38 T for the latter. The large size of this sample together with the sweeping rate of the magnetic field were enough to produce thermal avalanches [17, 18, 19] and induce the inversion of the total magnetic moment from −M sat to +M sat for ascending runs and from +M sat to −M sat for descending runs, where M sat is the saturation value of the magnetic moment. A similar effect was detected at lower fields as the temperature of the experiment increased.
We measured then T s , using the thermometer, and M , using the copper coils, changing the magnetic moment from −M sat at −2 T to +M sat at 2 T with a sweeping rate of dH/dt = 30 mT/s, for different experimental temperatures. Figure 3 shows the time dependence of both T s and the time derivative of M , dM/dt, around the magnetic field at which the magnetic reversal occurs at T = 1.8 K, see Figure 2 . According to the figure, there is a single magnetic avalanche indicating that the total magnetic moment of the sample reverses orientation in about 3 ms. Notice that the thermometer starts detecting the temperature variation of the sample at the precise moment the magnetic avalanche occurs. In many other experiments we have found instead several independent magnetic avalanches, indicating the sequential reversal of the magnetic moment in different assemblies of molecules. It is worth mentioning that even in these cases, the complete reversal of the total magnetic moment takes place in about 3 ms.
In Figure 4 we show the full warming and cooling process of the sample detected by the thermometer when the magnetic reversal takes place at T = 1.8 K. The maximum variation of temperature takes place in a time of about 15 ms and a subsequent thermal relaxation of about 150 ms follows to recover the initial temperature. A similar thermal behavior was observed at different experimental temperatures between 2.0 and 2.6 K. In any case, the temperature of the cooling helium gas stays constant with a 0.2% accuracy and the maximum value of T s never rises above 4.1 K. Figure 5 presents the magnetic field dependence of the dc voltage signal of the detector, V InSb , when the field varies from −2 T to 2 T at T = 1.8 K. The two branches around zero field are identical with the only difference of the voltage drop at the field at which both the thermal avalanche and the magnetization reversal occur. This voltage drop is made of one peak occurring in a time of less than 5 ms, and a slower relaxation that takes place in 30 ms, see the inset of Figure 5 . As the experimental temperature increases, the fast voltage drop appears at lower magnetic fields, accordingly to the behavior of the magnetic avalanches, and its amplitude decreases. We also verified that warming the sample up to near 20 K by electric pulses of 100 ms through a ruthenium oxide heater in contact with the Mn 12 sample produces a single voltage drop at the detector of the same intensity and a time duration of hundreds of milliseconds. The voltage drop in this case is then different from the case of the magnetization reversal, as the detector does not register any fast pulse with a duration of a few milliseconds.
The magnetization curves shown in Figure 2 can be understood in terms of the structure of the spin energy levels of Mn 12 molecules and the occurrence of spin-phonon avalanches. These molecules have total spin S = 10 and their magnetic properties are described by the spin Hamiltonian
where D = 0.55 K, F = 1.2×10 −3 K, g = 1.94 and H ′ contains small terms that do not commute with S z . The two energy minima corresponding to m = ±10 are separated by the so-called magnetic anisotropy barrier height U = 65 K. The m and m ′ eigenvalues of S z come to resonance at the field values
where m + m ′ = −n. At H z = H m,m ′ , transitions between positive and negative m occur due to thermal activation over the barrier height. However, at the resonance fields, H z = H m,m ′ , the transitions are combinations of thermal activation and quantum tunneling. At each resonant field the transition is mostly dominated by a pair (m, m ′ ), which changes with the temperature of the sample. Decreasing the temperature, lower spin levels are tuned at higher magnetic fields. At the microscopic level, a Mn 12 molecule must be thus activated from the m = −10 level to the lowest m from which tunnel becomes significant on the time scale of the experiment. The spin of the molecule then tunnels across the energy barrier and relaxes down the spin level staircase to the m ′ = 10 state, that is, towards the direction of the magnetic field. The corresponding energy difference between the m = −10 and the m ′ = 10 state is released in the form of phonons and photons. The phonon emission for the spin transition in one particular molecule is however much more probable than the corresponding photon emission. Spin-phonon avalanches are then produced when the energy of the phonons released by many spin transitions cannot thermalise and cause the sample to warm up [17, 18, 19] .
The maximum total Zeeman magnetic energy, E mag ≃ 2M sat H, released in one avalanche is of the order of mJ. As stated above, the heating associated to the avalanche increases the temperature of the sample to circa, but not above, 4.1 K. This experimental fact has been verified in all the experiments carried out at different temperatures and with avalanches occurring at different magnetic fields. Most important, though, is the fact that the sample starts heating once the total magnetic moment has reversed orientation. Moreover, the radiation detection overlaps with the reversal of the magnetic moment and occurs also before the temperature of the sample reaches its maximum value. Our data suggest thus that thermal avalanches are not necessary to produce the total inversion of the magnetic moment and the radiation emitted from the sample is coupled mostly to the very fast magnetic reversal.
The fact that the magnetic reversal is accomplished first in a time of about 3 ms at T = 1.8 K suggests that the tunneling process should occur from the ground state (m = −10). This would open the possibility of having the phonon laser effect, suggested very recently by Chudnovsky and Garanin [20] , as the inducting mechanism of spin tunnelling. The inversion of the total magnetic moment of the sample consists in this case in the coherent fast reversal of the magnetic moment of many molecules by tunnelling caused by phonon vibrations. As a consequence, a huge number of molecules is driven to one of the excited states m ′ of the right side of the potential well before the occurrence of the staircase decay to the ground state m ′ = 10. For instance, at T = 1.8 K, the reversal of the total magnetic moment takes place at the third resonance field and the tunnelling occurs between the spin states m = −10 and m ′ = 7. We come now to the point of how to explain the detection of radiation by the InSb in the absence of enough termal black body radiation emitted by the set of crystals. For an individual molecule, the rate of spontaneous decay from the m level to the m + 1 level due to photons is much lower than that for phonons, Γ photons /Γ phonons = (v/c) 3 , where c and v are respectively the speeds of light and sound in the material, as a consequence of their very different density of states [21] . The detection of electromagnetic radiation imposes, therefore, the following question: under which conditions would Γ photons be larger than Γ phonons ?
The most plausible explanation, which does also answer the above question, is that the detected electromagnetic radiation could be superradiance. In his seminal paper published in 1954 [22, 23, 24] , P. H. Dicke first postulated that in the case of having a set of N quantum dipoles of the size of the wavelength of the emitted photons, a spontaneous phase locking of the quantum dipoles through the medium should occur. The radiation is then damped in a short burst called superradiance. The radiation time of one of these bursts is 1/(N Γ photons ). This time can be very small depending on the number N of quantum dipoles participating in the process. Superradiance emission from molecular magnets has also been recently suggested theoretically as a result of the fast level crossing [12] . In our experiments, the wavelength of the emitted photons between the spin states m and m + 1 and the size of the set of magnetic quantum dipoles are both of the order of a few mm. Furthermore, if radiation is detected, the number of excited molecules operating in this process should be such that N Γ photons > Γ phonons , and this would give N ≃ 10 13 molecules [13] . We have estimated this number to be very similar to the number of molecules tunneling from the excited states when the avalanche takes place. The superradiance power should be consequently N 2 Γ photons E m,m+1 , which is of the order of mW, whereas we detected only a small µW fraction in our experiments. The requirement that all the spins have the same transition frequencies clearly imposes a strong restriction on the power emitted as superradiance, as the number of spins contributing to the radiation emission could be smaller than that being initially at the excited level m ′ before the staircase decay to the ground state occurs. Moreover, the decrease of the detected power as the temperature increases agrees well with the fact that the number of molecules tunneling at zero field also increases, and so the number of molecules tunneling at higher resonant fields decreases.
To summarise, we have found that the fast reversal of the total magnetic moment of a set of Mn 12 single crystals is accompanied by the emission of electromagnetic radiation of less than 5 ms duration and a power of the order of µW at T ≃ 1.8 K. The radiation power detected decreases as the temperature of the experiment increases, up to T ≃ 3 K, above which radiation is no longer detected.
This 
